Background: Gilles de la Tourette's syndrome (GTS) is a complex neuropsychiatric disorder characterized by disabling motor and vocal tics. The pathophysiology of GTS remains poorly understood. Conventional treatment consists in pharmacological and behavioral treatment. For patients suffering severe adverse effects or not responding to pharmacological treatment, deep brain stimulation (DBS) presents an alternative treatment. However, the optimal target choice in DBS for GTS remains a divisive issue. Methods: A PubMed search from 1999 to 2012 was conducted. Thirty-three research articles reporting on DBS in patients with GTS were selected and analyzed. Results: Eighty-eight patients with Tourette's syndrome were treated since 1999 with DBS. The majority of patients received thalamic stimulation. Significantly fewer patients were treated with globus pallidus internus stimulation. Occasionally, the anterior limb of the internal capsule and the nucleus accumbens were implanted. The subthalamic nucleus was selected once. All targets were reported with positive results, but of variable extent. Only 14 patients exhibited level 1 evidence. Conclusion: In light of the wide spectrum of associated behavioral co-morbidities in GTS, multiple networks modulation may result in the most efficacious treatment strategy. The optimal locations for DBS within the cortico-basal gangliathalamocortical circuits remain to be established. However, at the current stage, comparison between targets should be done with great caution. Significant disparity between number of patients treated per target, methodological variability, and quality of reporting renders a meaningful comparison between targets difficult. Randomized controlled trials with larger cohorts and standardization of procedures are urgently needed.
INTRODUCTION
Gilles de la Tourette's syndrome (GTS) is an inheritable childhood-onset neuropsychiatric disorder characterized by multiple disabling motor and vocal tics lasting for more than 1 year. [4] Community-based studies report prevalence rates of 0.3-0.8%. [41, 48, 91] In 50-90% of cases, GTS is aggravated by a plethora of associated behavioral co-morbidities. [47, 75] While disease severity usually diminishes around the second decade of life, [9, 50] some patients may continue to experience severe disabling symptoms and require lifelong medical and behavioral treatment. [24, 62, 72] Conservative management consists of α2-adrenergic agonists (first-line treatment), antipsychotic agents (second-line treatment), anticonvulsant drugs, benzodiazepines, and botulinum toxin infiltration. [24, 62] However, pharmacological management is associated with multiple serious adverse effects such as sedation, akathisia, dystonia, parkinsonism, weight gain, hyperprolactinemia, hypotension, and sedation. [24, 62] For patients experiencing severe adverse effects or becoming refractory to pharmacological treatment, surgery presents an alternative treatment. One of the first reports on surgery for GTS appeared in the early 1960s in the Canadian Medical Association Journal describing bimedial frontal leucotomy. [6] Ten years later, Nadvornik and co-workers from the Czech Republic performed cerebellar surgery for GTS lesioning the cerebellar dentate nuclei. [65] Around the same time, Hassler and Dieckmann applied stereotactic coagulation of the rostral intralaminar and medial thalamic nuclei. [38] The same thalamic areas were targeted two decades later by Vandewalle and co-workers, [95] who performed the first stereotactic bilateral deep brain stimulation (DBS) for refractory GTS. The thalamus was considered a suitable surgical target to treat GTS, as an abnormality in the cortico-striato-thalamocortical circuits leading to an overactive thalamocortical system was thought responsible for GTS [7, 29, 40, 88, 89] However, the exact location within these pathways remains unknown. [88] During the last decade, five main target areas were proposed for DBS in GTS patients: The medial thalamus, the posteroventral and anteromedial pallidal territories, the anterior limb of the internal capsule (ALIC), and the nucleus accumbens (NA). Accumulating data suggest a fundamental role of the globus pallidus in the pathophysiology of GTS. Imaging studies demonstrated bilateral lesions in the globus pallidus in patients with GTS. [18] Successful pallidotomy for dystonia was reported by Lozano and co-workers, [57] while Coubes and coworkers pioneered DBS of the globus pallidus internus (GPi) for dystono-dyskinetic syndrome. [15, 16] McCairn and co-workers demonstrated recently [61] in a non-human primate model of Tourette's syndrome that stimulation of the globus pallidus blocks tic-related phasic changes in the firing pattern of pallidal cells and reduces the peak amplitude of tic events in the electromyography record. Promising results were obtained by Coubes and coworkers [14] with double bilateral simultaneous stimulation to pallidal motor and limbic territories in Lesch-Nyhan Disease (LND) , a devastating genetic disorder of the purine metabolism that shares many features with GTS. Equally, LND presents with severe dystonia, dyskinesia, and a wide spectrum of neurological and behavioral phenotypes. [55, 70] As in GTS, an increasing body of evidence points to basal ganglia implication as a cause of the complex neurobehavioral spectrum in LND; [25, 36, 70, 100, 104] this may explain the promising application of DBS to the basal ganglia network in both conditions. The rationale for using DBS ALIC for GTS was derived from the strong clinical overlap between GTS and obsessive-compulsive disorder (OCD) and was based on previous pioneering work of Leksell and coworkers [8] and Nuttin and co-workers, [69] who performed, respectively, anterior capsulotomy and subsequently DBS to the ALIC in OCD patients. The results of each of the DBS targets applied during the last decade in GTS patients will be presented in detail and discussed in this review.
MATERIALS AND METHODS
A PubMed search from 1999 to 2012 was conducted. The key words were "Tourette Syndrome and deep brain stimulation" used in combined search with "GPi/ GPe, thalamus, nucleus accumbens, anterior limb of internal capsule and subthalamic nucleus." The search yielded 102 articles. Thirty-three research articles were selected. Articles other than in English language, editorials, and reviews were excluded. All selected studies were analyzed for multiple variables and tabulated. The level of evidence of each study was determined based on the guidelines provided by the United States Department of Health and Human Services. Yale Global Tic Severity Score (YGTSS) and Yale Brown Obsessive Compulsive Score (YBOCS) were expressed uniformly in percentage change to facilitate comparison of clinical outcome. As primary and secondary outcomes were not reported rigorously, our summary data specify results in relation to the number of patients for whom data were available. For a prompt, clear, and yet detailed account of findings, the text was supported by numerous tables [ Tables 1-11] . Tables were organized in function of target and divided in demographics, surgical procedure, and post-surgical period. Studies were listed in decreasing number of subjects. The result section was divided into two parts. The first part provides a summary of main findings across all studies, while the second part provides specifics as to each target and is structured, mirroring the tabulated data, in the three main sections of demographics, surgical procedure, and post-surgical period. Studies are presented regrouped per target in the section "DBS for GTS from 1999 to 2012: Presentation of studies." 
RESULTS

General findings Target choice
The first DBS application for GTS was reported in 1999 and targeted the thalamus at the ventro-oralis internuscentromedian nucleus-substantia perventricularis crosspoint. [95] Stimulation of this area aimed at reducing the overactivity of the thalamocortical system that resulted from an apparent deficient inhibitory gammaaminobutyric acid (GABA)-mediated basal ganglia influence. [88] Several target areas within the thalamus have been reported since 1999: The nucleus ventrooralis internus-centromedian nucleus-parafascicularis complex, [5, 43, 44, 58, 83] the centromedian-parafascicular nuclei, [42, 51, 80, 103] and the dorsomedial thalamus. [98] The first pallidal DBS study for GTS [94] reported on posteroventral (motor) GPi implantation (with concomitant thalamic implantation). Further, seven studies [17, 20, 22, 28, 59, 99] reported on exclusive pallidal DBS for GTS. Three territories within the GP were implanted: The motor GPi, [17, 20, 22, 59, 86] the limbic GPi, [59] and the external pallidus. [99] The limbic anteromedial pallidum was further implanted concomitantly with the medial thalamus. [42, 103] The posteroventral motor GPi was targeted once with the medial thalamus [3] and once with the ALIC/NA. [84] Few authors reported on only ALIC/NA implantations. [11, 26, 46, 68] Only NA was implanted once. [105] One group treated GTS with subthalamic nucleus (STN) DBS, [60] implanting the sensorimotor STN.
Primary (YGTSS) and secondary outcomes (YBOCS)
The YGTSS [49] was used predominantly to rate tic [30, 31] was prevalently applied to assess for co-morbid OCD symptoms [Tables 4, 8, and 11] . Pallidal studies showed (for 16 patients) a mean YGTSS percentage decrease of 65% (SD = 32) and a mean YBOCS percentage decrease (for 8 patients) of 45% (SD = 38). One study [22] reported no clinical benefit from DBS. Thalamic studies showed a mean YGTSS percentage decrease (for 46 patients) of 60% (SD = 17) and a mean YBOCS percentage decrease (for 29 patients) of 67% (SD = 20). The combined stimulation of thalamus and globus pallidus resulted (for 3 patients) in a YGTSS percentage decrease of 60% (SD = 17). ALIC/NA application yielded (for 3 patients) a YGTSS percentage decrease of 37% (SD = 10) and a YBOCS percentage decrease (for 2 patients) of 54% (SD = 3). Unilateral NA stimulation caused a tic reduction of 82%. In one patient, DBS ALIC/NA caused a 17% worsening on the YGTSS and an unchanged YBOCSS. [11] Lead type: Medtronic 3387 and 3389
The Medtronic leads 3387 and 3389 were applied for all DBS applications. Each lead contains four contacts numbered from the right to the left side from 0 to 3 and from 4 to 7, respectively. Contacts 0 and 4 are the most ventral contacts, and contacts 3 and 7 the most dorsal contacts. While each polymer-coated platinum/iridium electrode has a height of 1.5 mm and a diameter of 1.27 mm resulting in an electrode surface of 5.9 mm 2 , the inter-electrode spacing differs between the 3387 and 3389 leads. [102] The inter-electrode spacing for the 3387 lead is 1.5 mm, providing a total range of stimulation of 10.5 mm, while the inter-electrode spacing of the 3389 type is 0.5 mm, resulting in a total span of 7.5 mm. Probably due to significant diverse target volumes (GPi = 528 ± 87.4 mm 3 ) [96] , for pallidal implantations the short-spacing lead type 3389 was used [ Table 2 ], while for thalamic implantation the long-spacing 3387 was adopted [ Table  5 ]. For ALIC/NA implantations, no preference for a lead type was observed. The leads 3387 [87] and 3389 [46] were used once each. The lead 3387 (with 4 mm contacts, 3 mm interelectrode spacing) was applied once for ALIC/ NA implantation [11] and the lead 3389 for NA stimulation. [105] Stimulation settings showed for pallidal implantations a prevalence for monopolar stimulation, while thalamic studies showed prevalence for bipolar stimulation.
Level of evidence
The level of evidence, based on the guidelines provided by the United States Department of Health and Human Services, resulted in the following: The majority of studies (n = 26) met only level 4 criteria (observational studies without control), while four studies met level 1 criteria (randomized control studies) [2, 42, 58, 103] and three studies met level 2 criteria (non-randomized controlled trials). [83, 84, 99] This translates into level 1 evidence for 14 GTS patients, level 2 evidence for 38 patients, and level 4 evidence for 36 patients.
Results per target Globus pallidus
Demographics: Seven out of 33 reviewed studies on DBS for GTS [ Table 2 ] reported exclusively on DBS of the globus pallidus. [17, 20, 22, 28, 59, 86, 99] In total, 12 patients were operated (8 males, 2 females; one study did not mention the gender). Five studies selected the internal pallidum (GPi), [17, 20, 22, 59, 86] one study the external pallidum (GPe), [99] and one study did not mention which internal pallidum territory was chosen. [28] Sample sizes were small, ranging from single case reports (n = 5) [17, 20, 22, 28, 86] to case series with five subjects (n = 1) [59] . Mean sample size was 1.7 subjects per study (SD = 1.4). Mean patient age (for 9 patients) was 28 years (SD = 11). Mean disease duration (for 9 patients) was 23 years (SD = 13). Followup periods ranged from a minimum of 6 months [86] to a maximum of 24 months post-surgery. [59] Mean follow-up duration (for 11 patients) was 15 months (SD = 7). The exclusion criteria were not specified in any of the seven reviewed GP studies.
Surgical procedure: All pallidal procedures [ Table 3 ] were bilateral. Six patients were implanted in the posteroventral GPi, [17, 20, 22, 59, 86] three subjects in the anteromedial GPi, [59] and two patients in the dorsal/central external pallidus. [99] One study did not specify the targeted GPi territory. [28] Magnetic resonance imaging (MRI) was used in the majority of studies for preoperative targeting. Targeting coordinates for the GPi were reported in five studies as follows: 17-20 mm lateral to the anterior commissure (AC) and posterior commissure (PC) line, 2-4 mm anterior to the mid-commissural point (MCP), and 4-5 mm inferior to the AC-PC. [17, 20, 22] The GPe coordinates were reported as 20 mm lateral to the AC-PC, 3 mm posterior and 3 mm superior to the AC. The short-spacing electrode 3389 was used for both internal and external pallidal implantations. Intraoperative physiological mapping was used in three studies, [17, 20, 22, 99] two studies did not report on this aspect of surgical procedure, [28, 86] while one study specified that physiological mapping was not applied. [59] The final coordinates of electrode location within the GPi were reported only once as 22 mm lateral to AC-PC, 3 mm anterior to MCP, and 4 mm inferior to AC-PC. [86] MRI was used in the postoperative setting to ascertain the electrode position. Surgical complications were reported twice in the form of a small hematoma around the electrode tip [20] and stimulator lead infection that required removal. [28] Three studies did not mention/report surgical complications, [59, 86, 99] while two other studies specified that surgical complications were absent. [17, 22] Post-surgical period: Stimulation parameters ranged between 2.5 and 5 V, 20 and 210 Hz, and 60 to 240 μs [ Table 4 ]. Varying tic improvement was noted following surgery in four studies, [17, 20, 28, 59, 86] while one study did not observe any tic improvement. [22] The mean YGTSS percentage decrease (for 10 patients) was 55% (SD = 35%) and the mean YBOCS percentage decrease (for 8 patients) was 47% (SD = 38%). Adverse events ranged from (transient) minor episodes (depressive mood, fatigue, nausea, anxiety) [17, 20, 22, 59] to one report of persistent bradykinesia of the left hand, caused by a hemorrhage in the right target area. [20] Thalamus Demographics: Twelve out of the 33 reviewed studies [ Table 6 ] on DBS for GTS reported exclusively on thalamic DBS. [2, 5, 43, 44, 51, 58, 76, 80, 83, 95, 98, 101] Forty-three patients were operated (37 males, 6 females). Sample sizes varied from case reports (n = 10), on 1-6 subjects, [2, 5, 43, 44, 51, 58, 76, 80, 95, 98, 101] to prospective cohort studies with 18 subjects. [83] Mean sample size was six subjects per study (SD = 5). Two studies were randomized controlled clinical trials. [2, 58] Mean age of thalamic treated DBS patients (n = 42) was 31 years (SD = 9). Mean disease duration was 22 years (SD = 9). Follow-up period ranged from minimum 3 months [58] to a maximum of 60 months. [101] Mean follow-up duration (for 43 patients) was 18 months (SD = 15). Severe cognitive impairment, major psychiatric disorders, and tic disorders of other medical causes were specified by some authors as exclusion criteria, [2, 44, 58] while eight studies did not report on their applied exclusion criteria. [5, 43, 51, 76, 80, 83, 95, 98, 101] Surgical procedure: All procedures were bilateral [ Table  7 ]. The ventrooralis internus-centromedian nucleusparafascicular thalamic crosspoint was targeted in 37 subjects, [2, 5, 43, 44, 58, 83, 95, 98, 101] the centromedian-parafascicular complex was implanted in two patients, [51, 76] while the thalamic dorsomedial nucleus/lamella medialis was implanted in one subject. [98] Target coordinates for the ventro-oralis internus-centromedian nucleusparafascicular complex were indicated as 5-8 mm lateral to AC-PC line, 5 mm posterior to MCP, and at AC-PC, while for the dorsomedial nucleus/lamella medialis, the target coordinates were 5.0-5.5 mm lateral to AC-PC, 3.7-3.9 mm posterior to MCP, and 1.3-1.4 mm above AC-PC. Preoperative imaging was done on fused MRI/ computed tomography (CT) images (n = 3) [2, 83, 95, 101] or only on MRI (n = 3) [5, 44, 58] . Atlas application (Schaltenbrand-Wahren) occurred twice. [43, 44] The longranging electrode 3387 was implanted in the majority of studies (n = 8). [2, 5, 44, 51, 58, 83, 95, 101] Physiological mapping for supplement intraoperative targeting was reported in six studies, [2, 43, 51, 58, 83, 95, 101] while six studies did not mention physiological recording. [5, 44, 76, 80, 98] In the postoperative setting, mainly MRI was used (n = 6) to ascertain the final electrode location; [5, 44, 58, 83, 95, 98, 101] CT imaging was applied twice. [2, 43] Final electrode coordinates were largely omitted from papers. Surgical complications were reported in two subjects. [2, 43] Bilateral intracerebral subcortical hematoma [43] and a hemorrhage ventral to the electrode tip were reported, once each. [2] The absence of surgical complications was specified in five studies, [5, 44, 58, 95, 98, 101] while four studies did not report on this aspect. [51, 76, 80, 83] Post-surgical period: The stimulation parameters for amplitude, frequency, and pulse width ranged from 1.0 to 7.0 V, 70 to 200 Hz, and 60 to 210 μs, respectively. Monopolar and bipolar settings were reported [ Table 8 ]. Mean YGTSS percentage decrease (for 41 patients) was 58% (SD = 15) and mean YBOCS percentage decrease (for 16 patients) was 65% (SD = 27). Decreased energy, reduced libido, blurred vision, and mood deterioration were the reported adverse events.
Multiple targets Demographics
Thalamus, GPi, NA/ALIC (combined): Seven studies [ Table 9 ] reported the application of multiple targets (thalamus, GPi, ALIC, NA), used in single or combined fashion. [3, 42, 84, 85, 87, 94, 103] Three studies [84, 85, 103] had included previously reported patients, [42, 83] although the precise degree of overlap was not detailed. [84, 85] Sample sizes varied from case reports on 1-4 subjects [3, 42, 85, 87, 94, 103] to one trial including 36 subjects. [84] Mean sample size was nine subjects per study (SD = 13). In total, 48 subjects were operated (35 males and 13 females). Mean age (for 44 patients) was 35 years (SD = 6), and mean disease duration was 28 years (SD = 3). The mean follow-up (for 42 patients) was 22 months (SD = 18). ALIC/NA: Three studies [11, 46, 68] reported on DBS of the ALIC/NA (each implanting one patient), one study targeted the ALIC, [26] and one other study the NA [105] [ Table 9 ]. A total of five patients were operated. Four patients were males [11, 46, 68, 105] and one was a female, [26] with mean age of 34 years (SD = 5). The disease duration for two patients was 26 years (SD = 2). [26, 105] Follow-up ranged from 18 months [26] to 36 months, [68] with a mean follow-up duration (for 5 patients) of 29 months (SD = 7).
Surgical procedure
Thalamus, GPi, ALIC/NA (combined): The thalamus was implanted in 41 patients in single or combined fashion [ Table 10 ]. The ventro-oralis internus-centromedian nucleus-parafascicular crosspoint was targeted in 35 subjects, [84] the centromedian-parafascicular complex in 3 patients, [42, 103] the ventro-oralis internus-centromediansubstantia periventricularis complex in 2 subjects, [3, 94] and the centromedian nucleus was targeted in 1 subject. [87] Only thalamus was implanted in 32 subjects. [84] The thalamic target was combined with the ALIC/NA in five patients [84, 85] and with the globus pallidus (GP) in four patients. [3, 42, 103] Three of these latter patients were implanted in the anteromedial globus pallidus [42, 103] and one patient in the posterventral GP. [3] The GPi (posteroventral area) was implanted with the ALIC/NA in one patient. [84] One patient was only targeted at the ALIC. [85] Target coordinates were not mentioned in three studies [84, 85, 103] and documented only once. [3] MRI was used three times for preoperative target imaging, [42, 84, 85] while two studies did not mention the preoperative targeting method. [3, 103] The Medtronic lead 3387 was used in three studies, [3, 84, 87] the lead 3389 once, [42] while two studies did not mention which lead type was applied. [85, 103] Microelectrode recording (MER) was used for intraoperative targeting in four studies, [42, 84, 85, 87] while two studies did not mention intra-physiological mapping. [3, 103] Postoperative MRI was applied to ascertain the final electrode position in all seven studies. Surgical complications were not mentioned in three studies, [42, 85, 103] specified once as absent, [3] and one other study reported on multiple surgical complications. [84] ALIC/NA: Studies reporting only on NA/ALIC DBS used for targeting MRI [11] or MRI in combination with CT [26, 46, 68, 105] [ Table 10 ]. Target coordinates for the combined NA/ALIC complex were reported as 6.5 mm lateral to AC-PC, 2.5 mm rostral anterior border of AC, 4.5 mm ventral the AC. The Medtronic lead 3389 was used once [105] and the lead 3387 twice [26, 46] while one study did not specify the lead application. [68] The lead 3387 with 4 mm contacts and 3 mm inter-electrode spacing (IES) was applied once. [11] Intraoperative mapping was applied twice. [11, 26] One study specified that no intraoperative mapping was applied, [105] while two studies did not report on this aspect of surgical procedure. [46, 68] The position of the contacts was confirmed twice with CT, [46, 68] once with MRI, [26] and once on fused CT/MRI scans. No surgical complications occurred twice, [26, 105] while three studies did not mention/report complications. [11, 46, 68] Post-surgical period Thalamus, GPi, ALIC/NA (combined): Mean stimulation parameters and outcomes of these five studies are difficult to summarize in a coherent way as authors indicated the range of stimulation settings and outcomes for the total of included patients, without differentiating and specifying for each target the (mean) stimulation settings and (mean) YGTSS/YBOCS percentage changes. For a detailed account, please refer to Table 11 and the section "DBS for GTS from 1999 to 2012: Presentation of studies." ALIC/NA: Double or tetra monopolar stimulation was applied for the ALIC/NA complex (4-7 V, 60-210 Hz, 90-210 μs). For ALIC stimulation, the settings were similar as for the combined ALIC/NA stimulation, but differed only by a higher pulse width [ Table 11 ]. Adverse effects were reported once in the form of mild apathy, depression, and hypomania. [26] One study reported of a suicide attempt following DBS intervention, [66] but specified that the subject had attempted suicide prior to DBS also. One study reported worsening of YGTSS (+17%) and unchanged YBOCSS following intervention. [11] Deep brain stimulation for Gilles de la Tourette's syndrome from 1999 to 2012: Presentation of studies
Deep brain stimulation thalamus
In 1999, Visser-Vandewalle and co-workers [95] reported the first DBS application for refractory Tourette's syndrome in a 42-year-old man. The thalamic ventrooralis internuscentromedian-parafascicular crosspoint was targeted. This area has projections to the premotor cortex and the limbic-motor striatum. Four months follow-up showed a reduction from 38 tics/minute to 8 tics/minute in "off" settings. In "on" condition, all tics subsided. In 2003, the same authors [101] reported the follow-up of the abovementioned patient and presented two cases in addition. Two blinded investigators on 10-min video segments counted tics. A 72-90% tic reduction was noted. Decreased energy and changes in sexual function were observed as adverse effects. In 2010, Ackermans and coworkers [1] reported of the long-term assessment of two of these patients at 6 and 10 years post-surgery. The benefit of tic control was maintained in one patient at 10 years evaluation compared to the 5 years assessment (92.6% vs. 90.1%) and was slightly reduced in the second patient at 6 years compared to the follow-up at 8 months (78% vs. 82%).
The Cleveland group [58] reported a prospective randomized double-blind trial with five subjects.
The thalamic ventrooralis internus-centromedian nucleus-parafascicular crosspoint was targeted on MRI. Postoperative MRI scans confirmed correct location of electrodes. Stimulation parameters ranged between 3.5 and 3.6 V, 130 and 185 Hz, and 90 and 210 μs. Three weeks after surgery, patients were assessed in a randomized, blinded manner in four stimulation combinations. During this 4-week period, no modifications as to the stimulation settings were allowed. During the subsequent open clinical observation phase, stimulation parameters could be changed. Formal assessment of the patients occurred 3 months after the start of the open label period. Three of five patients showed significant improvement with bilaterally active thalamic DBS to all primary and secondary measures. Bilateral stimulation yielded a mean YGTSS improvement of 44%. Unilateral DBS was considered ineffective. Quality of life measures improved in four patients, while it did not in one.
In 2008, Servello and co-workers [83] from Milan published a series on 18 patients with refractory Tourette's syndrome. The thalamic ventrooralis internus-centromedian nucleus-parafascicular crosspoint was targeted. Postoperative MRI atlas co-registration confirmed electrode position. Stimulation was bipolar through the distal contacts and varied between 2.5 and 4 V, 120 and 130 Hz, 90 and 120 μs. All 18 patients were evaluated at 3-month intervals and showed improved YGTSS scores. Only in the younger patients (three cases), "waxing and waning" of symptoms was observed after 3-6 months of follow-up. A 64% tic reduction was noted at 12 months follow-up. The first nine patients were evaluated further in a blinded on-off manner. Eight patients were reported to worsen in off-condition. With "sham off," the patients developed anxiety. Minor adverse effects were noted with intensity values greater than 4 V. Fifteen of the initial 18 patients were followed up by Porta and co-workers [74] for 24 months. A 52% tic reduction was reported in all 15 patients at 2 years follow-up. Depressive, obsessivecompulsive, and anxiety symptoms improved. Cognitive status was reported stable over the 2-year period.
Ackermans and co-workers [2] published in 2011 the results of a double-blind clinical trail on six male subjects. Compulsions, history of depression and substance abuse and auto-mutilation were specified as exclusion criteria. Patients were followed up at 3, 6, and 12 months following surgery. The crosspoint of the thalamic centromedian nucleus-substantia periventricularis-nucleus ventro-oralis internus was targeted. Postoperative CT reportedly confirmed lead location. Three patients received monopolar and three others bipolar stimulation. Stimulation parameters varied between 1.0 and 7.3 V, 70 and 130 Hz, and 60 and 210 μs. The YGTSS showed a 49% reduction at 12 months follow-up. A small hemorrhage ventral to the electrode tip in one patient was reported, which resulted in vertical gaze palsy. Energy levels were reduced in all patients.
Vernaleken and co-workers [98] from Germany reported 36% tic improvement in a male patient with thalamic DBS applied to the dorsomedial nucleus. This patient had previous unsuccessful GPi stimulation.
Globus pallidus
Globus pallidus internus: At the University of Vienna, Diederich et al. [20] applied posteroventral GPi for GTS. Bipolar stimulation through the most ventral contacts caused a decrease in mean tic frequency of 73%. No change in the compulsive tendencies could be observed. Depressive and anxiety symptoms improved and cognitive status remained stable at 14 months followup. Due to a small hemorrhage noted around the tip of the right electrode on the immediate postoperative MRI, the patient suffered pronation/supination bradykinesia of the left hand. Transient mild fatigue was noted in the postoperative period.
Gallagher et al. [28] from Wisconsin-Madison reported disappearance of vocal tics and improvement of motor tics after bilateral DBS GPi for refractory GTS. After removal of the left infected lead, tics reappeared on the right side, while tics remained absent on the left side, supporting lateralized dysfunctional basal ganglia networks in tic genesis. [63] In Houston, Shahed et al. [86] reported bilateral DBS of the posteroventral GPi in a 16-year-old male with several psychiatric co-morbidities. Monopolar stimulation with 5 V, 156 Hz, and 90 μs resulted in an 84% tic reduction and a 69% decrease in obsessive-compulsive symptoms at 6 months follow-up.
Dehning et al. [17] from Germany reported a 12-month follow-up study of a 44-year-old female. The posteroventral GP was selected. As the most ventral contacts on the right side caused visual symptoms, the more dorsal contact 2 was selected, and on the left side, contact 1 was used for monopolar stimulation with 3.2 V, 130 Hz, and 120 μs. Stimulation was increased at 12 months follow-up to 4.2 V, 145 Hz, and 210 μs. The YGTSS showed an improvement of 88%.
Dueck et al. [22] from Germany reported no therapeutic effect of bilateral DBS GPi in a 16-year-old male with mental disability. Postoperative MRI scans showed the most ventral contacts to be in the ventral section of the GPi. No surgical complications were reported. Stimulation parameters at 12 months follow-up were 4.0 V, 130 Hz, and 120 μs. Antipsychotic medications (Haloperidol, Risperidone) remained unchanged in the postoperative period. At high stimulation settings, nausea, dizziness, moderate anxiety, and visual disturbances were observed.
Martinez-Fernandez and co-workers [59] from London reported an open-label trial with a 24-month follow-up on five patients. The limbic anteromedial section of the GPi was implanted in three patients and the sensorimotor posteroventral pallidum in two patients. Stimulation settings varied between 2.5 and 4.2 V, 20 and 170 Hz, and 60 and 210 μs. As the mean reduction for limbic DBS GPi for motor tics was 75% and for phonic tics was 74%, while the mean reduction following motor DBS GPi was reported as 42% and 60% for motor and vocal tics, respectively, the authors concluded that anteromedial GPi DBS appears superior to posterolateral GPi DBS in GTS. Anxiety with high voltage was observed in two patients and one patient suffered two DBS hardware infections that required hardware removal.
Globus pallidus externus:
In 2007, the preliminary results on DBS in the GPe were published by Vilela Filho and co-workers [99] from Brazil. A tic reduction of 81% and a concomitant 84% improvement in OCD was reported. Previously, in 2004, Francois and co-workers [27, 32] reported of the potential key role of the external globus pallidus in neuronal circuits affected in Tourette's syndrome. The authors observed stereotyped behavior following microinjections of bicuculline, a GABAergic antagonist, into different parts of the GPe in non-human primates.
Multiple targets
TA, GPi, NA/ALIC (combined): In 2002, van der Linden and co-workers [94] reported the first case on a 27-yearold subject treated with posteroventral GPi DBS for GTS (with concomitant thalamic implantation). Test stimulation resulted for pallidal stimulation in a 95% tic decrease, while thalamic application yielded an 80% tic improvement. Only the GPi leads were connected to the pulse generator.
Welter and co-workers [103] presented in 2008 a report on three patients enrolled into a controlled, doubleblind, randomized cross-over study. The patients were implanted in the centromedian-parafascicular thalamic nuclei and in the anteromedial limbic GP territory. Pallidal stimulation proved to be superior to thalamic stimulation . A 64-82% tic improvement was noted with pallidal stimulation, while thalamic stimulation resulted in a 30-64% tic reduction. A 43-66% reduction was observed with simultaneous thalamic and pallidal stimulation. The Welter et al. [103] study was the extension of the Houeto et al. [42] trial based on one single female patient implanted at the centromedian-parafascicular thalamic complex and limbic pallidum. A 64%, 66%, and 60% tic reduction resulted from thalamic, pallidal, and combined stimulation, respectively. However, thalamic stimulation resulted in a greater YBOCS decrease than pallidal stimulation alone.
Ackermans et al. [3] reported on two patients, one implanted only in the ventro-oralis internuscentromedian nucleus-substantia periventricularis thalamic complex and the other one implanted in the thalamic centromedian nucleus and posteroventral pallidus. Only the pallidal electrodes were connected to the pulse generator. At 12 months follow-up, thalamic stimulation resulted in a reduction from 20 to 3 tics/ minute, while pallidal stimulation resulted in a reduction from 28 to 2 tics/minute. Both patients complained of reduced energy, while one also complained of reduced libido.
The largest prospective study on DBS in GTS patients was published by Servello and co-workers from Milan in 2010 [84] on 36 patients. This cohort included 18 previously reported subjects. [83] Bilateral thalamic DBS was performed in 31 patients, and unilateral thalamic DBS was performed in 1 patient (for abnormal vasculature in left hemisphere). Three patients with thalamic surgery received subsequently two rescue leads at the ALIC and the NA. All thalamic implantations occurred at the ventrooralis internus-centromedian nucleus-parafascicular complex. One patient was implanted in the posteroventral GPi and in the ALIC/NA. One patient was implanted only at the ALIC/NA. Rescue DBS surgery was considered only for those patients suffering social impairment due to OCD co-morbidity, who failed to respond to the first DBS procedure. The YGTSS decreased by 55%. Adverse effects were lead repositioning in one patient, removal of DBSinfected implant, and hardware failure.
In 2009, Servello et al. [85] published another study with the DBS team led by Okun from Florida on four GTS subjects; one patient of this cohort was previously reported by Servello and co-workers. [83] Three subjects were implanted in the ventro-oralis internuscentromedian nucleus-parafascicular thalamic complex, and subsequently had rescue leads at the ALIC/NA for disabling OCD. One patient was implanted only in the ALIC and NA. Only mild improvement of tics and OCD could be observed despite rescue surgery.
A 32% tic improvement was reported by Shields et al. [87] following centromedian thalamic DBS using high stimulation settings (7 V, 185 Hz, and 90 μs). This patient was previously treated with ALIC DBS that gave poor results. [26] The center of the centromedian parafascicular complex was targeted (4 mm posterior to the previously reported target) by Savica et al. [80] The three patients showed a mean YGTSS improvement of 70% at 1-year follow-up.
ALIC/NA: [ Figure 1 ] Flaherty et al. [26] targeted the ALIC in one female. Stimulation with 4.1 V, 185 Hz, and 210 μs yielded only a 25% YGTSS decrease. The authors noted that stimulation with the ventral contacts caused apathy and depression, while the dorsal most contacts caused hypomania. The effects subsided with turning off the stimulation device.
Kuhn et al. [46] reported ALIC/NA stimulation in a patient affected with self-injury behavior (SIB). The ALIC/NA was targeted on fused MRI/CT scans, 6.5 mm lateral to ACPC, 2.5 mm rostral anterior border of AC, and 4.5 mm ventral to AC. Stimulation with all four contacts 7 V, 130 Hz, and 90 μs yielded a 41% improvement on the YGTSS at 30 months follow-up and a 52% YBOCS improvement.
Zabek et al. [105] applied unilateral DBS to the right NA. At 28 months follow-up, a tic reduction of 82% with amelioration of compulsions and SIB was noted. Stimulation settings were reported at 3 V, 130 Hz, and 210 μs.
Neuner et al. reported in 2010 [66] on a suicide attempt in a patient treated with ALIC/NA (Neuner et al., 2009 ). Subsequent to DBS (tic improvement of 44%), the patient attempted suicide secondary to a major depressive episode. The suicide attempt related to the DBS is unlikely, as the patient had committed a suicide attempt prior to DBS.
Burdick et al. [11] from Florida reported worsening YGTSS and unchanged YBOCS at 30 months follow-up for one patient treated with bilateral ALIC/NA DBS.
Subthalamic nucleus: [ Figure 2 ] Only one group [60] targeted the dorsolateral (sensorimotor) STN for GTS. Martinez-Torres and co-workers (2009) reported the outcome of DBS STN in a 38-year-old patient with prime diagnosis of PD, who presented as well with a tic disorder. The GTS was not treated medically prior to DBS intervention. Monopolar stimulation parallel to dopaminerigic reduction resulted in 97% reduction of tic frequency on a 10-min videotape and a reduction of 57% on the UPDRS III.
DISCUSSION AND CONCLUSION
Each of the five main DBS targets in GTS had demonstrated variable tic improvement, with mean YGTSS reduction across targets ranging between 59 and 97%. The greatest mean YGTSS percentage decrease was noted for globus pallidus stimulation (66%), while it was slightly lower for thalamic application (60%). Simultaneous pallidal-thalamic stimulation resulted in a mean YGTSS improvement of 60%. The mean YGTSS for ALIC/NA DBS application decreased by 59% and STN application resulted in a 97% tic reduction. DBS proved as well beneficial for associated obsessivecompulsive symptoms. The mean YBOCS across targets decreased between 45 and 67%. Thalamic and ALIC/NA stimulation resulted in the largest decrease of associated OC symptoms (67 and 54%, respectively), while pallidal stimulation appeared slightly less beneficial, resulting only in a 45% YBOCS decrease.
However, the comparison of outcome results across studies should be done with greatest caution. One of the prime difficulties summarizing and comparing the reported data on DBS for GTS in a coherent way consists in the basic numeric disparity between (exclusive) pallidal (n = 7), thalamic (n = 12), ALIC/NA (n = 5), and STN (n = 1) publications. This disparity introduces a fundamental bias for a meaningful comparison between targets and becomes even more evident, by considering the numeric disproportion of patients treated per target. While 13 patients were treated exclusively with GP DBS, [3, 17, 20, 22, 28, 59, 86, 99] 58 patients had exclusive thalamic stimulation. [2, 5, 43, 44, 51, 58, 76, 80, 83, 84, 87, 95, 98, 101] Eight patients underwent exclusive ALIC/NA implantation, [11, 26, 46, 68, 85, 105] while only one patient received STN stimulation. [60] Of the 88 GTS patients treated since 1999 with DBS, only for 14 patients evidence-based criterion exists. [2, 42, 58, 103] The great variability in target selection has two main reasons: The precise anatomical location(s) and network(s) involved in GTS remain largely speculative. [62, 88] A further reason is the conceptual divide whether to consider GTS more as an expression of a motor disorder or rather as an expression of a compulsive behavior, i.e. the inability to suppress a tic. [7, 73] Some authors [42, 59, 84, 103] propose instead a more integrative concept to explain more readily motor and behavioral symptoms of GTS. An increasing body of evidence suggests that both the sensorimotor and the limbic-associative parts of the basal ganglia play a fundamental role in the pathophysiology of GTS. [34, 35, 89, 90] A simultaneous modulation of motor and associative-limbic targets/networks may prove consequently more efficacious than single target/network stimulation. Simultaneous stimulation of motor and limbic areas of the internal globus pallidus was already successfully applied and reported in 2007 for LND [14] by the Montpellier group led by Coubes. The authors implanted at each side two leads into the internal globus pallidus (one into the pallidal motor area and the other one into the pallidal limbic section). Pallidal motor stimulation caused a marked reduction in dystonic movements, while limbic stimulation reduced behavioral disorders. Based on physiological data, the pallidal motor and limbic regions were considered two targets each belonging to two functionally independent circuits. [14] Equally in GTS, an altered interaction between the limbic and motor circuits is thought to be responsible for the clinical manifestations. Simultaneous stimulation of pallidal limbic and motor territories may prove therefore most effective for GTS [ Figures 3] .
However, the most restrictive factor for an exhaustive evaluation of each target was related to intrinsic methodological limitations of published studies. For thalamic targeting, the majority of authors [2, 5, 51, 58, 76, 87] reported the coordinates provided by Vandewalle and co-workers [95] (x, y, z = 5 mm lateral to AC-PC, 4 mm posterior MCP, and at the ACPC plane). Yet, while identical thalamic nomenclature [37] and coordinates were reported, different thalamic territories were indicated. Some authors referred to the ventrooralis internuscentromedian nucleus-substantia periventricularis complex, [2, 5] others to the ventrooralis internuscentromedian nucleus-parafascicular crosspoint [43, 44, 58, 83, 101] or to the centromedian-parafascicular complex [76] or to the centromedian nucleus. [87] However, the ventrooralis internus, centromedian, and parafascicular nuclei are distinct thalamic structures. While the nucleus ventrooralis internus is located more anteriorly, the nucleus parafascicularis is situated medially and more posteriorly with respect to the ventro-oralis internus, while the centromedian nucleus is positioned laterally to the parafascicularis nucleus and posteriorly to the ventrooralis internus. [81] Visualization of thalamic sub-regions remains difficult. [19, 54, 93] It is critical that applied targeting methodology is detailed. It is of crucial importance to, Defining the location of a target in sole reference to standard (atlas) coordinates neglects further the large inter-/intra-topographic variability of sub-cortical structures [39, 45, 53, 77, 78, 92, 93, 97] and the variability of the AC-PC length between individuals. [52, 71, 97] The degree of spatial variability of a basal ganglia structure appears to be proportional to its distance with respect to the landmarks of the third ventricle. [39] Between those structures targeted in GTS, the posteroventral pallidum is the structure that is furthest away from the landmarks of the third ventricle, and therefore the target with the potentially greatest topographic variability. [39] Hence, targeting in sole reference to standard (atlas) coordinates harbors the risk of significant targeting error. [39, 92] From the reviewed data, it is difficult to individuate the source of differences between studies and even the source of differences within the same cohort. Great methodological variability and quality of reporting makes recommendations as to target or stimulating settings difficult. The comparison of clinical results of investigations that differ for selected target should be done further with caution as targets differ considerably for anatomy and morphology, while the size of the applied DBS Medtronic lead is usually similar. [10, 12, 96] The wide phenotypic variation of GTS [33] and its numerous associated co-morbid disorders hamper further the attempt to evaluate which circuitries are precisely affected in GTS and modulated by DBS.
The possibility that predominately positive results were published at the expense of negative outcome introducing therefore significant publication bias has to be considered. [21, 23, 82] From the reviewed 33 studies, only two reported no beneficial effect of DBS in two GTS patients. [11, 22] While Vernaleken and co-workers [98] published the positive results of thalamic DBS, they did not publish the negative outcome following pallidal intervention for the very same patient.
Randomized controlled trials with larger cohorts are urgently needed. The mean sample size of DBS studies for GTS was six patients. Given the motor and neuropsychiatric components of GTS, systematic pre-and postoperative motor, cognitive, and mood assessments are recommended. In light of the fluctuating course of GTS, [56] clinical assessments at multiple points in time are necessary. Stimulation parameters should be indicated for each patient instead of being reported as mean values for the entire cohort. Inclusion criteria, targeting methodology, medications at the time of assessment and adverse events need rigorous reporting. Similarly, the absence of adverse effects and negative outcome needs reporting. Standardization of procedures is imperative. [13, 64, 79] This pool of data will allow for a more exhaustive evaluation of the efficacy of each target, in order to define the optimal target localization(s) for DBS in GTS. 
